This paper presents the formulation of a nonlinear adaptive backstepping force control in grasping weight-varying objects using robotic hand driven by Pneumatic Artificial Muscle (PAM). The modelling and control problems arise from the high nonlinear PAM dynamics and the inherent hysteresis leading to a lack of robustness in the hand's performance. The robotic finger and the PAM actuator been mathematically modelled as a nonlinear second order system based on an empirical approach. An adaptive backstepping controller has been designed for force control of the pneumatic hand. The estimator of the system uncertainty is incorporated into the proposed control law and a slip detection strategy is introduced to grasp objects with changing weights. The simulation and experimental results show that the robotic hand can maintain grasping an object and stop further slippage when its weight is increased up to 500 g by detecting the slip signal from the force sensor. The results also have proven that the adaptive backstepping controller is capable to compensate the uncertain coulomb friction force of PAM actuator with maximum hysteresis error 0.18 • .
INTRODUCTION
Controlling robotic hands to grasp and manipulate objects has been the concern of recent studies and it is very useful in various applications [4, 13, 14, 21] . Pneumatic Artificial Muscle (PAM) actuators are fluidic pneumatic actuators and have been used in robotic and industrial fields due to their efficient characteristics such as high power to weight ratio and safe usage where the latter is highly required in the art of robot hands [7, 13, 21, 28, 29] . However, it is difficult to obtain an accurate model for PAM actuators due to the highly nonlinearity in their dynamics, their inherent hysteresis characteristics and the unknown parameters including the coulomb friction which introduces the system uncertainty [22] .
Due to a trend toward simplifying the hardware design based on application requirements [2, 6] , the approach of a simple design with an advanced control strategy has been adopted in this work. Therefore, we used the anthropomorphic robotic hand developed in our previous study [8, 11] . In addition, the implementation of simple control approaches causes a lack of robustness in terms of position control. For example, three seconds are required to achieve the reference signal under the Proportional Integral (PI) controller implemented by Volder et al., 2011 [7] .The results of the PI controller designed by Maeda et al., 2011 show about 1.25 s time delay to reach the desired angle [21] . Moreover, there are errors between the experimental and simulation results of the radial angle response due to the linearization of the hysteresis loop. Tsujiuchi et al., 2008 developed a one DOF link arm using two PAM actuators where the angle response reaches the desired value at 1.5 second [29] . The sliding mode control (SMC) strategy formulated by Jouppila et al., 2014 contains slight oscillations in the control performance due to the chattering control signal of the SMC controller and the dynamic behaviour of the pneumatic system [16] . These results should be improved in terms of the settling time and hysteresis compensating. A nonlinear integrator backstepping approach has been implemented for position control of pneumatic systems including pneumatic cylinders and PAM actuators [20, 26, 27] . It has been proven that the adaptive backstepping controller leads to a better overall performance compared to integrator backstepping and sliding mode control (SMC) strategies [5, 24, 26] .
The controller of the robotic hand also should adapt with the weight changing of the grasped object. This feature is useful in the service field where the object's weight may change while performing the grasping task and to prevent the object from dropping [1] . An example of this case is the filling systems where bottles vary their weight while they are grasped by a robotic hand. From human experience point of view, this case can be observed in filling up an empty glass [30] . The force must be increased to maintain grasping the glass without dropping or damaging it. One of the ways to perceive the increase in the weight of the grasped object is to detect its slippage [23] . From the human point of view, the tactile feedback from sensing cells in the skin, which work in a complex somatosensory system, ensures the detection of any slippage that may occur during grasping. Subsequently, an immediate muscle reaction occurs to prevent the object from slipping [4] .
There are two types of sensors which are suitable to detect slippage on the finger's phalanx based on a short-time variation in the force signal [3, 17, 18] . These sensors are Carbon MicroâĂŘCoil (CMC) touch sensor and Force Sensing Resistors (FSR) sensor. FSRs are cheap and are off-the-shelf sensors while the cost of CMC sensors is high, and the sale is limited to Japan only. Therefore, FSR sensors are used in this work to detect any slippage while the hand is grasping an object with changing weight. This study proposes the design of a nonlinear adaptive backstepping control algorithm to compensate for the system uncertainties and to grasp objects with changing weights.
The contribution of this study is in designing of nonlinear adaptive backstepping controller to compensation for the hysteresis characteristics of the PAM actuator caused by coulomb friction. The simulation results of the position control and angular response of a pulse train trajectory have been shown in our previous work [9, 10] . Also, this paper contributes in development of a slippage detection method for grasping objects with changing weights using FSR sensor.
MATHEMATICAL MODEL AND CONTROL DESIGN 2.1 Static Force Model of PAM Actuator
The PAM static model can be described as a relationship between the static force F st at ic produced by PAM actuator, the displacement of the PAM's length x and its internal pressure P m . The dynamic behaviour of PAM actuator is difficult to be modelled precisely due to the nonlinear relationship between the static force of PAM actuator F st at ic and the PAM's displacement x, and the hysteresis characteristics of PAM actuators. The latter is due to the coulomb friction F c which is the system uncertainty. Three different models may represent the PAM contraction force which are the geometric analysis model, the theorem of virtual work model and the empirical approach model [22] . The PAM model described by the first and the second methods neglects the nonlinear phenomenon in PAM dynamics such as coulomb friction. In addition, some of the geometric parameters are difficult to be obtained precisely such as the initial braid angle α 0 [7, 12, 22, 28] . Therefore, in this research the contraction force of the PAM actuator is modelled based on the empirical approach, which includes the PAM nonlinear characteristics [15, 16] . By the empirical approach, the static contraction muscle force F st at ic can be described as
where P m is the internal PAM pressure, P max is the PAM pressure, x is the PAM displacement and a 0 , a 1 , a 2 , a 3 , b 0 and b 1 are the model coefficients and have been estimated experimentally using trial and error strategy to achieve the best model. The maximum static contraction force can be obtained when P m =P max as
To obtain the total PAM contraction force F m , the coulomb friction force F c and the viscous friction force should be considered. The former can be considered as modelling uncertainty that will be estimated by the adaptive backstepping strategy while the latter depends on the velocity, temperature and PAM pressure and can be modelled based on the velocity with an acceptable error [15] . Thus, the total muscle force can be described as
where F c is the coulomb friction force and B e f f is an effective viscous friction coefficient and can be defined experimentally [16] . Equation (3) describes the nonlinear characteristics and hysteresis behaviour for PAM actuators which will be useful to obtain the overall system model of the actuator and the robotic finger.
System Modelling for Control Design
Referring to the finger schematic model shown in Figure 1 , the linear displacement of PAM actuator x is converted into rotational motion of the finger θ as
where R is the radius of the finger's pulley [9, 11, 25] . Since it is not desired to measure the total grasp force, only one FSR sensor at the fingertip is required to detect the slippage signal as shown in Figure 1 . Therefore, the equation of motion of the robotic finger can be derived as
where F д is the grasp force at the fingertip, l = l l ink1 +l l ink2 +l l ink3 is the distance between the fingertip and the longitudinal axis of Pulley 3, I = I 1 + I 2 + I 3 is the overall moment of inertia of the robotic finger taken along longitudinal axis of Pulley 3 and F s is the restoring spring force which can be described as
where K 1 is the spring constant. From Equations (3) and (5) the equation of motion of the robotic finger becomes
Define a = R 2 /I and b = lR/I , Equation (7) becomes Consider the PAM displacement x as x 1 = x and x 2 = x, the entire system model can be described as a nonlinear second order system
where control input u(t) represents the static contraction force F st at ic of the PAM actuator. The adaptive backstepping controller is developed by incorporating the estimators of the uncertain parameters into the control law of nonlinear systems, [19, 31] . Hence, the controller is capable to compensate the coulomb friction force, which is the system uncertainty, and to eliminate the hysteresis behaviour of the PAM actuator. In This paper, we use the same design steps in our previous work [8] [9] [10] but with integration of the grasping force F д . The controller is designed based on the finger model which is expressed as a nonlinear second order system in Equation (9) where x r and x 1 are the desired and actual position respectively and the coulomb friction F c represents the unknown constant parameter. The adaptive backstepping control law can be expressed as
Where z 1 and z 2 stand for PAM mechanical displacement error and velocity error respectively. The developed control law in Equation (10) contains the estimator of coulomb frictionF c = R 2 I ∫ z 2 dt and two tuneable design parameters c 1 and c 2 . The control input u(t) represents the static contraction force F st at ic produced by PAM actuator that has been modelled based on the empirical approach in Equation (1).
RESULTS AND DISCUSSION
In the result discussion, the following measures are considered. ii. Root Mean Square Error (RMSE): is defined based on the following formula
where θ r i is the reference value, θ i is the achieved value and i is the number of measured values.
Hysteresis Test Without Holding any Object
In this part, the adaptive backstepping control law described in Equation (10) is implemented for hysteresis test without grasping any object, i.e., F д = 0. Since the position of the human fingers while in a relax state is not fully extended, the initial angles 45 • and 35 • are considered for the index and middle fingers, and the thumb respectively. An angle staircase trajectory is suggested to test the hysteresis behaviour of the PAM actuator in improving the accuracy of the angle position achieved by the robotic finger. Figures 2 and 3 illustrate the simulation and the experiment results of the thumb finger and the index and middle fingers respectively. The simulation response indicates a settling time of 0.1s − 0.2s while the experiment response indicates a settling time in range of 0.2s − 0.4s except in the first step where t s = 1.0s. In addition, the simulation outputs achieve the desired values with RMSE = 0.11 • and RMSE = 0.05 • for thumb and index and middle fingers respectively in rise and decline directions while the experiment outputs achieve the desired values with RMSE = 0.15 • and RMSE = 0.09 • for the thumb and index and middle fingers respectively in rise direction and with RMSE = 0.11 • and RMSE = 0.21 • during decline direction.
In respect of hysteresis behaviour, RMSE error can be calculated based on the differences of the angular position θ 1 in rise and decline directions at the same step of staircase trajectory θ 1 D ecline − θ 1 R ize . The thumb, and index and middle fingers achieve the angular position with RMSE of hysteresis equals to 0.09 • and 0.18 • respectively. The low RMSE of hysteresis characteristics is due to the fact that the uncertainty in the coulomb friction has been compensated by the adaptive backstepping controller. As a result, the same angular position in both of directions is obtained in both directions under the proposed control law. The achieved results have proven that the adaptive backstepping strategy is able to compensate the coulomb friction F c with maximum RMSE of the hysteresis 0.18 • . In addition, the adaptive backstepping controller is capable to achieve the desired angular position with RMSE between 0.09 • − 0.21 • and the settling time between 0.2s -1.0s. Therefore, the developed adaptive backstepping controller has improved the performance of the robotic hand in terms of settling time comparing to the previous studies, Maeda et al. (2011) , De Volder et al. (2011) and Tsujiuchi et al. (2008) where the settling time was 6.25s, 4.5s and 1.5s respectively [7, 21, 29] . 
Grasping Weight-Varying Objects
Slippage signal can be detected by measuring a notable variation at FSR feedback F 1 > S. In this case, object drop can be prevented by increasing the grasp force K times of initial grasp force, i.e. F д = F i + KF i . Parameters F i , K , and S are determined experimentally where the initial force command F i depends on the object's weight, force increase coefficient K prevents object dropping and detection sensitivity S determines the slippage detector threshold avoiding noise signal at FSR output. Figures 4 and 5 show the robotic hand while performing the grasping task for two cases, 100д object increased to 300д and 300д object increased to 500д respectively, (a) before slippage detection and (b) after slippage detection. Figure 6 shows the experiment results for the first case where a 100д-object is grasped and then increased to 300д. The force graph is represented by the summation of the outputs of FSR1 and FSR2 in the index and middle fingers and the thumb respectively. The slippage detector parameters have been determined experimentally as F init ial = 1.5N , K = 10 and S = 15. The grasping is performed on 5.0s and the slip signal is successfully detected at 8.9s when the weight is increased by 200д. The measured grasping force F 1 + F 2 is increased by 1.05N which keeps the object being grasped and prevents it from dropping. Figure 7 shows the experiment results of grasping a 300д-object increased to 500д where the force, position and PAM pressure responses are described. The slippage detector parameters have been determined experimentally as F init ial = 3.0N , K = 10 and S = 13. The grasping is performed at 5.0s and the slip signal has been successfully detected on 10.2s when the weight is increased by 200д. The measured grasping force F 1 + F 2 is increased by 1.08N which keeps the object being grasped and prevents it from dropping.
The experiment results in show that the changes in the object's weight is immediately detected by the developed slippage detection criteria and the hand has successfully grasped the object and prevented it from dropping.
CONCLUSION
In this work, a three-fingered robotic hand driven by two PAM actuators has been developed. The robotic finger and the PAM actuator have been modelled as a nonlinear second order system based on the empirical approach. The adaptive backstepping controller has been designed for control of the robotic hand to grasp objects with changing weights using a slip detection strategy. In the controller design, the grasping force and the estimator of the coulomb friction have been incorporated to the control law. Finally, the proposed controller has been validated by simulation and experiment.
From the simulation and experimental results, it can be concluded that the adaptive backstepping controller is capable to compensate the uncertain coulomb friction force and achieve the desired angular trajectory with RMSE of hysteresis behaviour between 0.09 • − 0.18 • with average of settling time in the range of 0.2s -1.0s. In terms of force control, the controller has successfully driven the hand to provide the necessary grasping and stop the slippage when the object's weight is increased up to 500д.
